ABSTRACT. Advantages of infrared fluid bed drying include high heat and mass transfer coefficients, short process time, high quality and low energy consumption. Since heat and mass transfer and quality changes during drying of terebinth fruit with infrared fluid bed method is not described in the literature. Goals of this research were study the effects of different infrared drying conditions on the drying kinetic and physical parameters of terebinth fruit. To predict moisture during drying process, five mathematical models were used. Experiments were conducted at different levels of hot air velocity (0.93, 1.76 and 2.6 m/s), temperature (40, 55, and 70°C) and infrared radiation power (500, 1000 and 1500 W). Results showed that Demir et al. model had the best performance for predicting of moisture ratio. Effective moisture diffusivity for terebinth samples (6.2×10 -11 to 7.3×10 -10 m 2 /s) was achieved. Activation energy of the samples (44.4 to 59.13 kJ/mol) was computed. Maximum rupture force (118.4 N) was calculated at air velocity of 2.6 m/s, infrared power of 1500 W and air temperature of 70°C. The results proved that in addition to short process time, monitoring of terebinth fruit characteristics such as mechanical properties during drying process can be achieved.
INTRODUCTION
Terebinth (Pistacia atlantica L.) is an ancient and long life tree with about 5 m height. May and June is the ripening time of terebinth fruit. Terebinth fruit is small and sphericallike with dark green color. Flesh of terebinth is similar to pistachio, but much smaller than (Kaveh and Amiri Chayjan, 2014) . Terebinth fruit is used in buttermilk process and animal oils and is also used to make pickles. The harvested terebinth fruit has too much moisture (about 1. 16 % d.b.) . This causes fast spoilage of the fruit.
Drying is defined as moisture reduction from the products. It is a most important process for preserving of agricultural and food products since it has a significant effect on the quality of the products. The major objective in drying of food and agricultural products is to safe storage of them over an extended period (Doymaz, 2004a) .
Infrared (IR) drying has emerged as one of the potential additions to the common drying method because of its intrinsic benefits such as simplicity of the required equipment, easy accommodation of IR drying with conductive, convective and microwave methods, greater heat transfer rate, significant energy saving and fast transient response (Boudhrioua et al., 2009; Basman and Yalcin, 2011) .
Infrared drying involves the exposure of the humid material to the wavelength range of 0.8 -1000 μm of electromagnetic radiation (Das et al., 2009) . Many researchers studied IR drying as a potential method to obtain high quality dried fruits, vegetables and grains (Ruiz Celma et al., 2009a; Khir et al., 2011) . Many studies have been carried out about increasing heating efficiency and producing high quality of dried foodstuffs (Wang and Sheng, 2006; Zhu et al., 2010; Dondee et al., 2011) .
When infrared radiation is used to dry moist materials, the radiation impinges the exposed material, penetrates it and the radiation energy is converted into heat (Pan et al., 2008) .
Several empirical models for drying kinetics in falling rate period are presented in literature. These models vary widely in nature. Many researchers have successfully used these models to predict drying kinetics of several food and agricultural products (Togrul and Pehlivan, 2004; Bozkir, 2006; Shi et al., 2008; Amiri Chayjan et al., 2011) .
The mathematical modeling of mass transfer is a very useful approach in studying the intrinsic kinetics of a drying process. Empirical models can predict a direct relationship between moisture ratio (MR) and drying time. Various mathematical models were developed in order to describe the IR drying characteristic for different agricultural products (Shi et al., 2008; Duc et al., 2011; Doymaz and Ismail, 2011; Ponkham et al., 2011) .
The mechanical properties of food and agricultural materials are important issues to be considered during the design, development and effective utilization of the equipment used for processing, packaging, transportation and storage of the products (Amiri Chayjan and Kaveh, 2013) .
Moreover, mechanical properties such as the rupture force and the energy used for rupturing nut and kernel are taken into account when designing nut shelling and kernel grinding machinery (Altuntas et al., 2010; Gharibzahedi et al., 2010) . Many researchers evaluated the mechanical properties of different agricultural products, including faba bean (Altuntas and Yildiz, 2007) , shea kernel (Manuwa and Muhammad, 2011) and walnut (Gharibzahedi et al., 2012) .
The main objectives of this study were to present a mathematical model suitable for predicting the drying kinetic of terebinth under infrared fluidized bed drying conditions and for determining the effective moisture diffusivity, activation energy, rupture force and energy of terebinth fruit during thin layer infrared fluidized bed drying process and their dependence on factors such as input air temperature, air velocity and IR radiation.
MATERIALS AND METHODS
Experimental setup. Fresh terebinth fruits were supplied from Sardasht forests, west Azerbaijan, Iran. To carry out the drying tests was kept at refrigerator temperature 4°C. Initial moisture content of terebinth fruit was determined by oven method at a temperature of 105±1°C for 24 hours (Doymaz, 2005) . The initial moisture content of the fruit was 1.16 (d.b) . For the beginning the pressure drop over a bed of terebinth fruits was evaluated for different air flow velocities. Fan speed was gradually increased using an inverter (Vincker VSD2, Taiwan) and air velocity and pressure drop were recorded using a multifunction measurement device (Standard ST-8897, China); the device contains a vane type digital anemometer with ±0.1 m/s accuracy and a differential manometer with ±0.1 Pa accuracy.
The drying experiments were conducted using a laboratory infraredfluidized bed dryer (Fig. 1) . Three experimental points were selected on the fluidization curve ( Fig. 2) : fix bed at 0.93 m/s (point A), semi fluidized bed at 1.76 m/s (point B) and fluidized bed at 2.6 m/s (point C). The experiments were performed at three air temperatures (40, 55, and 70°C); three different infrared powers (500, 1000 and 1500 W) were used in the experiments. (1) drying chamber (2) infrared lamp, (3) thermocouple, (4) air velocity sensor, (5) fan and electrical motor, (6) electrical heater, (7) inverter and thermostat, (8) precision balance, The terebinth bed contained aprox. 30 g of fruit, uniformly spread over a perforated plate which was placed inside the dryer. The drying time was considered as the time required for reducing the moisture content of the product to 0.2 (d.b.). The drying experiments were conducted in three replicates. Empirical modeling was used as an alternative method to analyze the thin layer drying process. Five commonly models which used in thin layer drying of terebinth fruit are presented in Table 1 . In order to select a suitable mathematical model for describing the drying process of terebinth fruit, thin layer drying equations were fitted to drying curves. 
Five thin layer models (Table 1 ) were used in order to fit to the experimental drying curves. The constants involved in the respective models were obtained using nonlinear regression of Curve Expert software (Vers. 1.4). The goodness of fit for all the models was evaluated using three indices: Pearson coefficient ( 2 R ), chi-square ( 2 χ ) and root mean squared error ( RMSE ): Effective moisture diffusivity. Drying of agricultural and food products generally occurs under falling rate period. In the other words, constant rate in more agricultural products is very short. Diffusion is one of the most effective physical phenomena to govern the moisture movement (Das et al., 2009) . It is recommended that dehydration process for porous materials, during the the falling rate period of drying, should be estimated using Fick's second law of diffusion (Abbasi Souraki and Mowla, 2008) . The effective moisture diffusivity ( eff D ), at any suggested moisture content level can be calculated using technique of slope method (Das et al., 2009) .
The second diffusion law of Fick, considering the spherical geometry, was applied in this study. The assumptions of this method were: moisture transfer occurs through diffusion; the temperature the diffusion coefficients were assumed to be constant (Niamnuy et al., 2012) :
where n = 1, 2, 3, ... is the number of terms taken into consideration; t is the drying time, (s); eff D is the effective moisture diffusivity (m 2 /s); r is the radius of kernel (m).
For long drying periods only the first term of series form Eq. (6) can be considered, without much affecting on the prediction accuracy (Caglar et al., 2009) :
Then:
The slope (K 1 ) is computed by plotting ln(MR) versus time, according to Eq. (9) (Babalis and Belessiotis, 2004) :
Activation energy. An Arrhenius-type equation was used to calculate the activation energy (Khir et al., 2011; Niamnuy et al., 2012) :
where a E is the activation energy (kJ/mol); g R is the universal gas constant 
A linear regression analysis was used to fit the equations to the experimental data and the Person coefficient ( 2 R ) was calculated.
Rupture force and energy. The mechanical properties of terebinth fruit (rupture force and energy) are useful in designing and optimizing of the fruit shelling and kernel grinding machinery. These properties are affected by numerous factors including moisture content, drying method and temperature. Minimum required force for fruit shelling and kernel grinding is specified by the rupture force (Altuntas et al., 2010) .
A materials testing machine (Zwick/Roell, Germany) was used during the experiments; the equipment allowed the evaluation of the mechanical characteristics of terebinth fruits during compression tests. The apparatus was equipped with a 5 kN load cell. The precision of the measurements was ±0.001 N for force and 0.0001 mm for deformation. The terebinth fruit was placed on the plate moving with the speed of 5 mm/min and pressed towards the fixed plate, equipped with the load, cell until rupture occurred.
The grain fracture on the forcedeformation curve is a point that after it the deformation rate is increases even with reduces in the applied force and the body is broken. This point is defined as the rupture point. In the hard and soft materials, an intrinsic transformation occurs after rupture. Thus, in different studies on the force-deformation curve, the maximum force was obtained in fruit failure.
Experimental data were transferred to Excel software in order to calculate the area under the forcedeformation curve, using the trapezoidal method; the estimated area is equal to the rupture energy for the terebinth fruit.
RESULTS AND DISCUSSION
Mathematical modeling of drying kinetics. The drying kinetic of terebinth samples for all bed conditions and temperatures are presented in Fig. 3 . The average final moisture content of terebinth samples was about 0.19 (d.b.). According to the results, drying air temperature and infrared radiation had important role in drying time. When air temperature and IR radiation was increased, the drying time was decreased.
The average moisture ratio of dried terebinth fruits at different temperatures was verified using five mathematical models to find out their suitability to describe the drying behavior. Figs. 3 and 4 . The charts show that the drying process of terebinth fruit occurred in falling rate period; the slope of the drying curves increased with the increasing input temperature. A direct relationship was found between IR radiation power and eff D : increasing IR radiation power led to the increase of eff D . The average effective moisture diffusivity ( eff D ) was calculated by taking the arithmetic mean of the effective moisture diffusivities that were estimated at various levels of moisture contents during the drying period. The results concerning the effective moisture diffusivity are presented in (Fig. 5) . −10 to 2.61×10 −9 m 2 /s for castor oil fruits (Perea-Flores et al., 2012) . Results indicated that due to hard layer of terebinth shell, moisture elimination was conducted slowly compared to the mentioned crops. For the same conditions of air temperature and velocity, the registered eff D values increased progressively as the power of the applied IR radiation was increased, reducing the drying time significantly. It was noticed that, for an air velocity of 2.6 m/s, the eff D decreased at all air temperatures and IR powers compared to similar drying conditions for air velocities of 0.93 and 1.76 m/s, a trend which contrary to convective drying. This is due to cooling of terebinth fruits at higher air velocity because the product temperature remained higher than surrounding air, resulting in negative temperature gradient. where v is the air velocity (m/s), c T is the air temperature (°C) and w is infrared power (W). Fig. 6 Perea-Flores et al., 2012) .
Rupture force and energy. The required force and energy to create rupture of the terebinth fruit are presented in Table 5 . It was noticed that the minimum force and energy to create rupture increased with increasing air temperature (from 40 to 70°C), air velocity (from 0.93 to 2.6 m/s) and IR radiation power (from 500 to 1500 W). Statistical analysis showed that the input parameters of air temperatures, IR radiation and air velocity have significant effects on the rupture force and energy (P< 0.05); the highest rupture force and energy for terebinth fruits were obtained for an air velocity of 2.6 m/s, an air temperature of 70°C and IR radiation power of 1500 W, while the lowest values of rupture force and energy were recorded for an air velocity of 0.93 m/s, an air temperature of 40°C and an IR radiation power of 500 W. The small rupturing forces and energies at low temperature might have resulted from the fact that the terebinth fruit preserves its soft texture at low temperatures, whereas higher temperature causes the hardening of the fruit. The proposed models for rupture force and energy models are as follows: 
CONCLUSIONS
Terebinth fruit drying behavior in a laboratory infrared dryer with air drying temperatures of 40, 55, 70°C, air velocity of 0.93, 1.76, 2.6 m/s and IR radiation power of 500, 1000, 1500 W were studied. Drying air temperature, air velocity and IR radiation power were important factors affecting the drying time.
The results showed that the best model for predicting drying kinetic was the Demir et al.
The effective moisture diffusivity, activation energy, specific energy consumption and shrinkage of terebinth fruit were evaluated.
The effective moisture diffusivity values ranged from 6.2×10 11 to 7.3×10 -10 m 2 /s. The highest effective moisture diffusivity was attained at an air velocity of 2.6 m/s, temperature of 70°C and IR radiation power of 1500 W. 
